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SUMMARY

Recognizing our body as our own grounds our perceptions, actions, and social interactions. Even newborns
detect cross-modal links between self-related perceptions,’ considered necessary for body ownership.? Yet,
clear evidence for a sense of ownership only appears once children not simply detect but also correct mis-
matches between predicted and perceived self-related sensorimotor inputs. So far, this has mostly been
measured using mirror self-recognition, which revealed that children typically do not start recognizing them-
selves before 18 months of age.®® Infants rarely see their own face, however, and mirror self-recognition has
been related to sensorimotor® and social experiences.” We therefore hypothesized that a sense of ownership
over the voice might develop earlier, because most infants routinely perceive themselves vocalizing from
birth.8-° This might allow them to build sensorimotor models supporting the identification of self-generated
signals earlier in this modality. Related research with adults has used the altered auditory feedback paradigm
to show that they respond to transpositions of the fundamental frequency (fo) of their voice by restoring the
alignment between predicted and perceived feedback.'""* Crucially, these compensatory changes depend
on the voice being perceived as self-generated.’®'® Using an adaptation of this paradigm with 5-month-old
infants, we found that they can already perceive and correct upward transpositions of their fo, at an age when
they remain unable to recognize themselves in the mirror. This suggests that hearing ourselves routinely al-
lows us to learn what we sound like months before we recognize what we look like, which might be especially

crucial for speech acquisition.

RESULTS AND DISCUSSION

Caregiver-infant dyads engaged in proto-conversations while in-
fants wore custom headphones with an integrated microphone,
enabling real-time recording and playback of their voice into their
ears (Figure 1A). After a baseline phase lasting until infants pro-
duced 10 vocalization bursts, an experimental phase began: in-
fants’ fundamental frequency (fo) was digitally shifted upward
(+100 cents, 23 infants) or downwards (—100 cents, 25 infants)
during 10 more vocalization bursts, or it was not digitally trans-
posed (24 infants, neutral group). After data collection, infants’
vocalizations were extracted from the recordings and concate-
nated within each phase. The average f, and its standard devia-
tion were then calculated for each phase in order to compute the
main dependent variable, which was the standardized difference
in produced fg between the experimental and the baseline phase
(hereafter, Afo; Figure 1B).

First, we conducted confirmatory analyses of the recordings,
which confirmed that the f, transposition was successfully
applied, with slight variations depending on vocalization types
and harmonicity (e.g., for babbling vs. growls, see Figure S1).

Second, we quantified the effect of condition and age on Afyin
a linear regression model. Condition (upward vs. downward vs.
neutral) was included to assess the effect of the fy transposition
on vocal production, while age (in months) and the interaction
between age and condition was included to assess potential
developmental effects. As predicted, adding condition improved
the model fit (F(2) = 4.37, p = 0.02). Afy in the upward condition
was significantly lower than Afy in the neutral (3 = —0.28, SE =
0.12,t=-2.41,p = 0.02, d = 0.68) and the downward condition
(B=-0.31,SE=0.12,t = —2.7, p = 0.008, d = 1.08; Figure 2A).
However, Afy in the downward condition was not significantly
different from the neutral one ( = —0.03, SE = 0.11, t = 0.27,
p = 0.78). Adding age did not improve the model fit (F(1) =
1.77, p = 0.18) nor did the age by condition interaction (F(2) =
0.66, p = 0.52; the same result was obtained with categorical
age, splitting infants into two age groups, above or below
5 months; all p values > 0.2).

Third, we examined compensation in each condition sepa-
rately (Figure 2A). As predicted, infants in the upward condi-
tion lowered their fy following the transposition (M = —0.14,
SD = 0.19, one-sample t test against zero: t(22) = —3.27,
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Figure 1. Experimental paradigm and Af, extraction

(A) In the experimental phase, the fq of infants’ vocalizations (in blue) was manipulated using the DAVID software. The fy was shifted upward or downward (in
yellow), depending on condition assignment, and the modified voice was played back to the infant in real time.

(B) Analytical approach. Step 1: individual vocalization bursts (orange blocks) were identified from the recordings; Step 2: vocalizations were concatenated within
each phase; Step 3: the mean (f,_m_baseline) and standard deviation (fo_sd_baseline) of the fy across all infant vocalizations in the baseline phase were
computed. The same procedure was applied to vocalizations from the experimental phase to obtain the mean fj (fo_m_experimental). Step 4: a standardized Afy
for each infant was calculated as the Z-scored difference between the experimental and baseline means (Afg). A compensatory Afy was also computed by flipping
the sign of Afy of infants in the upward condition so it could be directly compared to the downward condition (with a positive value indicating a compensatory

response).
See also Figure S1 and Table S1.

p = 0.003, d = 0.7), while infants in the downward condition
increased their fo (M = 0.18, SD = 0.37, t(24) = 2.34, p =
0.027, d = 0.48). By contrast, no significant change in Afg
was observed in the neutral group (M = 0.14, SD = 0.54,
t(23) = 1.3, p = 0.21, d = 0.27). To further confirm that these
findings could not be attributed to chance variations in fy in
the two experimental groups, we repeated this analysis after
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randomly permuting condition assignment across partici-
pants, disrupting the link between the f, manipulation and
the corresponding vocal response. No differences between
the experimental groups were found in this case (t(46) =
0.66, p = 0.51), and Afy was not different from chance in either
permuted experimental group (upward: M = 0.04, SD = 0.36,
t(25) = 0.6, p = 0.6; downward: M = —0.03, SD = 0.36,
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Figure 2. Main results

age in months

output - input (mel)

(A) Bar plots showing the Af, (Z scored) separately for the upward (cyan), downward (magenta), and neutral condition (gray). Dots represent individual data, and
the black lines show the 95% CI. Gray asterisks show inter-individual comparisons, and black asterisks show comparisons against zero (* p < 0.05; ** p < 0.01).
See Figure S2 for control analyses on other vocal features, and Figure S3A for an analysis of the magnitude of the effect.

(B) Infants’ compensatory Afy as a function of age. Positive values indicate that infants changed their o in the compensatory direction during the experimental
phase compared to the baseline. See Figure S3B for an analysis of the distribution of this effect. The shaded area shows the 95% Cls.

(C) The y axis shows Afj values for all vocalizations, corrected by the unmodified value of the f, (in Mel), as a function of the size of the transformation (x axis)
computed as the difference between the modified f;, (i.e., output of the software) minus the unmodified f, (i.e., input of the software, both in Mel). The shaded area

shows the 95% Cls.

t(21) = —0.34, p = 0.74), which confirms that the compensa-
tory effects cannot be attributed to chance variations of fy in
these groups.

Next, we tested the size of the compensatory effect by pooling
experimental conditions together, flipping the upward condition
to make it directly compared to the downward condition, as they
were expected to elicit opposite compensatory responses
(“compensatory Afy” hereafter, where positive values mean
that the fo changed in the compensatory direction; Figure 1B).
Compensatory Afg was highly significantly different from zero
(M=0.16,SD =0.3, #(47) = 3.61, p < 0.001, d = 0.53), confirming
a medium-size compensatory effect at the group level. We then
included this variable in a linear regression to assess the effect of
age (Figure 2B). Again, there was no evidence for a develop-
mental effect, be it considered as a continuous or a categorical
variable (all p values > 0.4).

Individually, 33 out of the 48 participants in the two experi-
mental groups modulated their fy in the expected compensatory
direction (e.g., lowering their pitch when their f, was raised), and
15 modulated their fy in the same direction as the manipulation
(e.g., rising their pitch when their f; was raised). Therefore, in-
fants overall displayed the typical compensatory response re-
ported in adult studies (i.e., the compensatory response was sta-
tistically more frequent than what would be expected by chance:
X2 =6.75, p = 0.009; ¢ = 0.375), with some inter-individual vari-
ability. By contrast, infants in the neutral group showed no evi-
dence of modulating their fy in any direction systematically
(¢*=0.17, p = 0.68; ¢ = 0.32).

As infants produced sounds that varied in voicing (Table S1),
the fo modification was more accurately applied (and thus
more salient) on sounds with larger voiced segments, whereas
unvoiced or in-harmonic sounds could not always be transposed
throughout, reducing the possibility to perceive the fy shift for

these sounds (Figures S1B-S1H). Thus, we measured whether
infants’ fo changes scaled with the actual fy transposition, pre-
dicting a negative relationship between the size of the f, transpo-
sition for a given vocalization (output-input) and Afy for that same
vocalization (Figure 2C). After controlling for the untransformed fg
and including infant as a random intercept, output-input
improved the model fit (y*(1) = 4.13, p = 0.04) and, as expected
if infants were compensating in general, the size of the transpo-
sition was negatively related to Afy, (3 = —0.009, SE = 0.004,
t = —2.03, p = 0.04). This shows that infants’ produced fq
changed linearly with the magnitude of the effective transposi-
tion: the higher the infant perceived their f, to be, the more
they lowered their fo, and vice versa. Again, this is compatible
with a compensatory effect at the group level. In addition, we
observed that this relationship held for different vocalization
types (speech like: vocants, babbling, and pre-babbling vs.
non-speech like: squeals, grunts, and laughs), as there was no
interaction between vocalization type and transformation
size (p > 0.44).

Notably, we found no change in f, variability, amplitude (root
mean square), voice quality (harmonic-to-noise ratio), or vocali-
zation types across phases and conditions (all p > 0.7), consis-
tent with a targeted change of the f, (Figures S2A-S2C and
S2F). Additionally, caregivers’ fy did not differ across phases or
conditions, and caregiver Afy did not relate to infant Afg
(Figure S2D).

Finally, thirty-five infants among the 48 who participated in the
altered auditory feedback (AAF) also participated in the mirror
test. As expected,®* none of them recognized themselves in
the mirror: no infant attempted to touch the mirror or their fore-
head after seeing the mark, and there were no differences in their
looking times to the mirror before and after the mark was intro-
duced (t(34) = —1.27, p = 0.21).
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Together, these analyses indicate that infants in the experi-
mental conditions tended to alter their fy in the opposite direction
of the manipulation more often than would be expected by
chance, consistent with our prediction that they should detect
and correct fq transpositions and with previous child*>?" and
adult'®'* research. This effect disappeared when condition la-
bels were randomly permuted, and infants in the neutral group
showed no significant changes in fp, suggesting that the
observed changes depended specifically on the auditory feed-
back manipulation.

There was a clear asymmetry, however: evidence for compen-
sation was strong for the upward transposition but equivocal for
the downward transposition. In both experimental conditions, at
the group level, infants significantly changed their fy in the
compensatory direction following the transposition compared
to the baseline period. However, the extent to which they
changed their fy following the transposition only differed signifi-
cantly from what was observed in the neutral condition for the
upward condition. The fact that infants significantly lowered their
fo following the upward transposition is in line with our hypothesis
that they can monitor and correct alterations to the f, of their own
voice. The lack of a significant difference between the neutral
and downward conditions was unexpected, and it is therefore
difficult to interpret at this point. It might be due to a weaker
magnitude of the effect for downward transpositions, as found
in older children.?" Consistent with this hypothesis, the magni-
tude of fy changes was smaller in the experimental conditions
compared to the neutral condition, suggesting that the fg
changes that infants produce spontaneously exceed those
required to compensate for the relatively small experimental
transposition we introduced (Figure S3A). The results are also
compatible with the possibility that the magnitude of the down-
ward transposition (100 cent) was too small for infants to consis-
tently perceive it, and future work could investigate this by
increasing the magnitude of the transposition. Finally, it is also
possible that infants generally tended to raise their fy over the
course of the study (e.g., due to increased arousal), making the
neutral and downward conditions more similar. This could also
be investigated in the future by increasing the magnitude of the
downward transposition.

Nevertheless, Figure 2C shows that there is a clear linear rela-
tionship between the transposition effectively applied to the
infants’ voice and their produced fy, showing a compensatory ef-
fect when vocalizations are transposed as intended. The signifi-
cant group-level effect was accompanied by substantial inter-in-
dividual variability (Figures 2B and 2C). This resonates with adult
findings: although compensation is typical, fewer responses can
be “following”?*?* ones, especially when transpositions
become more predictable.”®> Whether we observed genuine
following responses here (which should result in a bimodal distri-
bution of compensatory Afg) or the lower tail of a unimodal distri-
bution centered above zero, remains unclear. The latter seems
statistically more plausible (Figure S3B), but future studies are
needed to further examine these inter-individual differences,
and whether they relate to or even predict the development of
other abilities such as the onset of canonical babbling.

The present findings show that infants, like adults and chil-
dren, can monitor and correct features of their own voice based
on auditory feedback, with similar compensation magnitudes as
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adults.”® Prior developmental work showed that 4-year-olds, but
not 2-year-olds, compensated for manipulated vowel formants
(F1/F2),° whereas even 2-year-olds compensated for f, alter-
ations.?’ At this age, children already speak however, so this
study left open the possibility that fy self-monitoring might be a
by-product, rather than a prerequisite, of speech development.
The fy is primarily modulated using the larynx, which infants start
controlling early on, while formant control requires later
emerging and finer coordination of supraglottal articulators.” In-
fants may therefore develop reliable audio-motor mappings for fg
before formants, allowing them to engage in vocal self-moni-
toring earlier for this simpler dimension. Accordingly, age did
not predict fo compensation, suggesting that even the youngest
infants we tested had sufficient vocal experience for predictive
control over their fo. This shows that at least some aspects of
vocal self-monitoring are present before infants’ perception be-
comes finely attuned to native language phonemes,”® before
they can articulate the sounds of their native language®® or use
their voice independently from underlying states of arousal.*°
Although it cannot currently be excluded that predictive sensori-
motor models have an innate basis, converging evidence®’?'
suggest that vocal experience is required to build them, much
as experience shapes visual self-recognition,®” calling for future
research to assess this link more directly.

Our findings are compatible with the hypothesis that vocal
self-monitoring is central to oral communicative development.
First, it provides a mechanism through which infants form and
refine their audio-motor maps.®’*? As previously argued, this
self-generated loop (producing a sound, experiencing its sen-
sory outcomes, comparing it with internal predictions, and ad-
justing mismatches) could support the production of increasingly
complex sounds, such as supraglottal consonants and adult-like
syllables underpinning early word production.**** But before
this, we suggest that vocal self-monitoring could also underlie in-
fants’ discovery of social contingencies in the communicative
space, allowing them to detect when their vocalizations elicit a
response. This ability is thought to be key for understanding
that your own behaviors affect those of others and might thus
scaffold the emergence of intentional communication.®>°°

The current findings also have implications for our understand-
ing of the development of the self, and especially, of body owner-
ship. Indeed, research using the AAF with adult speakers
suggests that compensation depends on the voice being
perceived as self-generated, as measured via subjective reports
of vocal ownership.'>™'” We also know that disturbances in vocal
self-recognition and dysfunctions in sensorimotor forward
models®’ > co-occur with auditory-verbal hallucinations.***!
Thus, the compensatory adjustments we observed provide indi-
rect evidence that infants can recognize their vocalizations as
self-produced, and invites us to envision a more multimodal
notion of the developing self.

By focusing on a modality in which infants have extensive op-
portunities to build predictive sensorimotor models early on, our
work opens new venues to further investigate the emergence of
self-awareness. For instance, how do sensing the characteris-
tics and limits of one’s own body (the sense of “body owner-
ship,” e.g., having a sense of what our voice sounds like) and
that our actions have consequences (the “sense of agency,”
e.g., registering that what we do with our voice has specific



Current Biology (2026), https://doi.org/10.1016/j.cub.2026.09.089

Please cite this article in press as: Belia et al., Infants respond to alterations in their own voice months before they recognize themselves in the mirror,

Current Biology

consequences in the world) interact during development to
enable a more integrated sense of self? Our findings also raise
the question of why facial recognition is so protracted compared
to vocal recognition. The poverty (vs. richness) of the corre-
sponding sensory input might be key: with limited access to their
visual image, infants might need to build an abstract representa-
tion of themselves to succeed in the mirror task. A protracted
passing of this task compared to other self-recognition tasks
might therefore indicate that it measures more conceptual as-
pects of the self,** consistent with its association with personal
pronouns use,*® default-mode network activity,** and self-mem-
ory biases.*

To conclude, our findings invite us to embrace a more plural-
istic vision of the development of self-awareness that considers
how multisensory inputs allow us to build an integrated sense of
self. They reveal that young infants can already monitor and
modify their own behavior to restore parts of their bodily self
(their voice),”'*® revealing an early-developing, multimodal, pre-
dictive representation of the self, grounded in everyday sensori-
motor experience.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

Raw and analyzed data This paper https://github.com/marghebelia/
vocal_self_recognition

Software and algorithms

DAVID Rachman et al.*” https://doi.org/10.3758/
$13428-017-0873-y

Custom code for coding This paper https://github.com/marghebelia/

infant gaze direction vocal_self_recognition

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

A total of 48 infants (19 females; Mge = 5.03 months, age range = 3.47-7.17, SD,ge = 1.27) were included in the two experimental
groups: 23 infants had their f, digitally shifted upwards by +100 cents (upward group) during the experimental phase, while 25
had their f shifted downwards by -100 cents (downward group; see the “method details” section for full information on the exper-
imental procedure). A separate group of infants (N = 24, 15 females; M4 = 5 months, age range = 3.47-6.6, SD,4e = 0.18) underwent
the exact same procedure but we did not modify their voice during the experimental phase (neutral group). Thus, a total of 72 infants
were included in the final analyses. No formal a priori sample size calculation was performed, the target sample size was decided a
priori based on published work with adults.”

In addition, 53 infants took part in the study but could not be included due to: child fussiness (n = 24); child not vocalizing during the
whole duration of the experiment (n = 13); child trying to remove the headset (n = 13); child sucking on a dummy (n = 1); child’s tired-
ness (n = 2). This attrition rate is consistent with that reported in much of the infant literature involving placing body equipment.??-&4
It also highlights the challenges of adapting the AAF paradigm to infants, that made it strongly depart from existing AAF literature.
Unlike adults and children, who can be instructed to produce specific sounds and are more likely to tolerate recording equipment,
infants should be disposed to both wear an unfamiliar headset and vocalize spontaneously at the same time to provide sufficient
data, which explains our relatively high attrition rate. Technical error led to the loss of data for an additional 28 infants (either because
of software failure, or because the headphones did not appropriately cover the infants’ ears).

Participants were recruited as part of a larger set of studies run at our laboratory, where 3.5-4-month-olds and 6-6.5-month-olds were
recruited separately. Among the 72 infants included in the final sample, 36 were younger infants (downward: N = 12, M,ge = 3.78 months,
SDage =0.25; upward: N =12, Myge =3.79, SDoge = 0.21; neutral: N =12, Myge = 3.77, SD,4ge = 0.18) and 36 were older infants (downward:
N = 13, Mage = 6.26 months, SD,4e = 0.35; upward: N = 11, Mge = 6.31, SD,ge = 0.15; neutral: N = 12, Mge = 6.24, SD,ye = 0.18). All
infants had no known hearing, vision or developmental problems. Information on ancestry, race, ethnicity, and socioeconomic back-
ground could not be collected under the terms of our ethical approval, limiting our ability to assess the generalizability of the findings
across demographic groups. Participants were recruited from the maternity ward of the Couple Enfant Hospital in Grenoble, France.
Infants also participated in other unrelated studies ongoing in the laboratory, and the order in which they took part in other studies
was counterbalanced across participants. All parents provided written informed consent prior to their participation and received a
book and a certificate as a thank you at the end of their visit. The study was approved by the Ethics Committee of Université Grenoble
Alpes (CERGA).

METHOD DETAILS

Infants were randomly assigned to the upward (N = 23), downward (N = 25) and neutral (N = 24) conditions. Two paradigms were
used: an altered auditory feedback (AAF) paradigm'®'” and the mirror task.®

AAF

Caregiver-infant dyads freely played on the floor with a set of books and toys. Caregivers were invited to interact spontaneously with
their infants and to engage in any routines or games that would typically encourage their child to vocalize. To avoid overlapping vo-
calizations, caregivers were asked to try and respond to their infant’s vocalizations by taking turns. During the session, infants wore
DT-770 headphones and DPA-4088 microphones, adapted with an elastic band with velcro to fit their head circumference. This setup
allowed us to record the infant’s voice and play it back to them simultaneously in real time. The volume was adjusted by the exper-
imenters so as to be loud enough to cover the sound of the voice perceptible via bone conduction.
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After an initial baseline period, the fundamental frequency (fo) of the infant’s voice was digitally manipulated using DAVID, an open-
source digital voice manipulation software that allows real-time voice modification while maintaining a low latency (<20ms), including
the possibility to shift the f, using a time-varying delay chain.*’ For infants in the upward condition, the f, was shifted upwards by 100
cents; for those in the downward condition, the fy was shifted downwards by 100 cents. The baseline period continued until the infant
produced 10 vocalizations, following.?° The beginning of the f, modification marked the beginning of the experimental phase, which
directly followed the baseline period without interrupting the dyadic interaction. The f; modification continued either until the infant
produced 10 additional vocalizations or until a maximum of 10 minutes had elapsed from the beginning of the baseline phase.

Infants assigned to the neutral condition underwent the exact same procedure, including wearing the same headset and micro-
phone system, and hearing their voice played back in real time through the DAVID software, using the exact same signal processing
line. However, their voice was played back to them without being transposed throughout the whole session. To this end, we created
three settings in DAVID: a “neutral” setting (which played back the child’s voice at their normal fg) and two “modified” settings (which
played back the voice at either the increased or the decreased fy). To prevent fo modifications to the caregiver’s voice, experimenters
manually switched back to "neutral" whenever the caregiver spoke and reverted to the appropriate "modified" setting whenever the
infant vocalized. Although this approach minimized the modification of the caregiver’s voice, we conducted a control analysis to
check for any effects of the modification of the caregiver’s voice (See “statistical analyses” section and Figure S2D). A “neutral”
DAVID setting was created for the neutral group despite the fact that no transposition occurred in order to mimic the same switching
gesture for the experimenter as in the experimental groups, ensuring an exact consistency in the procedure used across all three
conditions.

The dyadic interactions were filmed with two cameras (Sony HDR-CX240) to capture infants’ gaze directions and facial
expressions.

Mirror self-recognition test

A subset of infants (35/48) took part in the mirror self-recognition test. We conducted this test only with the infants in the experimental
groups (upward and downward), as the neutral group only served as a control for the AAF paradigm. This was done to verify that
infants in our sample did not recognize themselves in the mirror, as predicted from the literature.

In the original version of this emblematic task, a mark is placed on a child’s face; if the child touches the mark while looking at their
reflection, it is considered evidence that they recognize themselves.®>* To adapt this paradigm to pre-verbal infants, we included the
following steps: 1) the infant was shown their reflection in a mirror, while the experimenter pointed to the child’s reflection and made
comments like “Look!” and “Who’s that?”. This phase lasted until the child looked away from the mirror; 2) a red mark was placed on
the infant’s forehead, followed by a short play time with the experimenter. This was done to prevent any reactions to the mark in the
following steps from being attributed to recognizing a change in a recently shown image, which would not necessarily indicate self-
recognition but rather a response to a change in stimuli, as well as to disconnect temporally the touching gesture used to place the
mark from their vision of the mark in the mirror; 3) the infant was then shown the mirror again, with the red mark still on their forehead.
The experimenter again drew the infant’s attention to their reflection by pointing and using attention-getting phrases similar to those
used in the first step. This phase lasted until the child looked at the mirror at least three times.

QUANTIFICATION AND STATISTICAL ANALYSIS

Software
Linear and mixed effects models were run in R. Codes for data visualization and the rest of the analyses (e.g., t-test) were conducted
in Python.

Measures and pre-processing

AAF

DAVID recorded an audio track with the modified pitch (output of the software), as well as an audio track with the unmodified pitch
(input of the software). Using Audacity, an audio editing software, the two were aligned (to compensate for the delay introduced by
DAVID’s signal processing) and played simultaneously until the onset of the f, modification was clearly identified. This timing was
noted down and used to infer which vocalizations were produced before and after the fy modification. All infant vocalizations pro-
duced before the fo modification were considered to be produced in the baseline phase (BL), whereas those produced after the alter-
ation of f, were considered to be in the experimental phase (EXP).

The audio files were then manually segmented in Audacity to identify the exact start and end times of each vocalization. Two
contiguous vocalizations were counted as distinct if they were separated by at least 500 ms of silence or, if separated by less
than 500 ms, when they belonged to different vocalization categories; otherwise, vocalizations of the same category separated
by less than 500 ms were considered as a single vocalization. Each segment was then manually coded for several features. First,
we noted whether the child or their parent was speaking, and whether the segment contained a co-vocalization or turn-taking. Sec-
ond, we classified the infant vocalization type using an adaptation of the classification scheme in.*° Every sound produced by the
infant was assigned to one of the categories in Table S1. All coding was performed blind to phase, as coders worked on the unmod-
ified audio recordings.
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Vegetative vocalizations (coughs, etc.), whispers, fussy sounds and cries were excluded from further analysis as these sounds are
either vegetative, signalling the fact that the infant is off task, and/or unvoiced/non-harmonic sounds, whose fo cannot be reliably
extracted. Co-vocalizations were also excluded from the analyses because the f extracted from these segments could be a blend
of the child’s and the adult’s f. Turn-taking passages, where the two voices did not overlap, were retained, and manually segmented
to isolate infants’ vocalizations. The segments produced by the child could also contain some environmental noise, such as toys
clacking. In cases where the infant’s vocalization was covered by the noise, the segment was excluded from the analysis. However,
if the noise did not cover the vocalization, the infant’s vocalization timings were manually extracted and included in the analysis.

The vocalizations selected in this way were then concatenated within each phase (experimental and baseline), and the resulting
sequences were used to extract the f, produced in each phase by the infant and the caregiver separately, using Praat®'; f, values
were then converted to Mel. This concatenation approach was preferred because spontaneous infant vocalizations are typically brief,
and their fgs are highly variable, making single-vocalization f, estimates noisy and unreliable; concatenation yielded a longer, more
stable signal, allowing to reduce some of this noise (similar to the procedure to extract ERPs from an EEG signal). The average fy and
its standard deviation were then calculated for each phase from the concatenated sequences, and were used to calculate our main
dependent variable: the average (standardized) produced fj shift difference from baseline (Afy; see Figure 1B).

Mirror task

The mirror self-recognition test was recorded with two Sony HDR-CX240 cameras. Using a custom Python script based on the pack-
age cv2, we analysed the infant’s gaze direction frame by frame. We identified whether the infant was looking at the mirror, the exper-
imenter, the parent, or away. Gaze information was primarily extracted from camera 1, with camera 2 used only when camera 1 did
not capture the infant’s gaze during the test, ensuring continuous tracking. As expected, no infant touched the red mark on their fore-
head or their reflection in the mirror. To confirm that infants showed absolutely no sign of noticing the mark, we compared looking
time toward the mirror before and after the red mark was applied to the forehead. The rationale was that, even if infants lacked the
motor control to touch the mark, they might still display a novelty preference by looking longer at their reflection once the mark was
present.®> No looking time differences were observed (t(34) = -1.27, p = 0.21).

Statistical analyses
Linear regression assumptions were assessed visually using diagnostic plots of linearity, homogeneity of variance, residual normality,
and influential observations, as well as posterior predictive checks using the check_model() function from the performance pack-
age®* in R.

Besides the main and control analyses reported in the main text, we also conducted the following analyses as methodological
checks.
Pitch transformation verification
To verify that the fo modification was successfully applied, we first extracted the fo from the audio played back to the infants through
the headset (i.e., the output of the software), and their actual fo, extracted from the audio recordings, and we computed the difference
in Mel units between these two signals (output-input). A linear model was then used to verify the effects of phase, condition and their
interaction on output-input in the experimental conditions. Phase alone did not improve the model fit (F(1) = 0.004, p = 0.95). Adding
condition improved the model fit (F(1) = 131.06, p < 0.001), and the phase*condition interaction enhanced it further (F(1) = 137.61,
p < 0.001). Output-input was significantly lower in the EXP than BL for the downward condition (p = -26.63, SE = 2.3, t = -11.59,
p <.001), higher for the upward condition (§ = 28.4, SE = 2.39, t = 11.86, p <.001), and not significantly different for the neutral
condition ( = 0.76, SE = 2.34, t = -0.32, p = 0.74). It did not differ between upward and downward condition in the baseline condition
(B=-0.67, SE =2.34,t=-0.28, p =.78). Finally, in the experimental phase the difference was higher in the upward compared to the
neutral condition (p = 27.1, SE = 2.37, t = 11.43, p <.001) and lower in the downward compared to the neutral condition (p = -27.28,
SE =2.32,t=11.75, p <.001). Thus, the transposition was effective in shifting the voice upwards in upward condition, downward in
the downward condition in the experimental phase compared to the baseline, while in the neutral condition no transposition was
observed (see Figure S1 for an overview of the transposition for different types of sounds).
Caregiver pitch
Since the switch between DAVID settings was manual, it was imperfect. Thus, we verified that infants’ Afy was not affected by the fg
modification being briefly applied to the caregiver’s voice during switching. Using the same pre-processing steps, we extracted each
caregiver’s fo from their concatenated vocalizations and computed the standardized fq difference between EXP and BL (mum_af,,
Figure S2D). A linear model testing the effect of condition on mum_Afy showed no improvement in model fit (F(2) = 0.59, p = 0.56),
indicating no differences across conditions. We also added the caregiver’s average f, modification size (output-input mother) as a
fixed effect in the model comparison reported in the main text, alongside output-input infant and age, participant as a random effect,
and Afy (non-concatenated) as the dependent variable. The only variable that improved the model fit was still output-input infant
(x*(1) = 483.76, p < 0.001). Output-input mother did not improve the model fit (y*(1) = 0.06, p = 0.8), nor did age (x*(1) = 0.76,
p = 0.38). This further indicates that any accidental caregiver’s voice modification did not influence infants’ f, compensation, which
instead was more likely to be driven primarily by the modification applied to the infant’s own voice.
Vocalization duration
Previous AAF studies measured f, compensation using vocalizations of relatively short, controlled length, which is typically made
possible by instructing participants to repeat specific words or syllables (e.g., “bed”?° or “ba”?"). This was impossible here because,
unlike children or adults, infants cannot be asked to produce specific vocalizations. Instead, they spontaneously vocalize at their own
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pace, and produce vocalizations that are very varied in kind and duration. This means that, here, the f, transformation was applied to
vocalizations that could vary in duration across participants, raising the possibility that any observed differences across conditions
might stem from the fact that infants had more or less exposure to the auditory perturbation in one of the conditions (by chance). To
rule this out, we tested whether vocalization duration differed by condition and phase using linear mixed effect models, with phase,
condition and participant (random effect) as predictors. No predictor improved the model fit (all ps > 0.16), indicating that vocalization
duration was comparable across conditions and phases (Figure S2E). It is therefore unlikely that the vocal compensation we
observed reflects differences in perturbation exposure rather than genuine f, adjustments.
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